This paper investigates a variable geometry (VG) mixed flow turbine with a novel, purposely designed pivoting nozzle vane ring. The nozzle vane ring was matched to the 3-dimensional aspect of the mixed flow rotor leading edge with lean stacking. It was found that for a nozzle vane ring in a volute, the vane surface pressure is highly affected by the flow in the volute rather than the adjacent vane surface interactions, especially at closer nozzle positions. The performance of the VG mixed flow turbine has been evaluated experimentally in steady and unsteady flow conditions. The VG mixed flow turbine shows higher peak efficiency and swallowing capacity at various vane angle settings compared to an equivalent nozzleless turbine. Comparison with an equivalent straight vane arrangement shows a higher swallowing capacity but similar efficiencies. The VG turbine unsteady performance was found to deviate substantially from the quasi-steady assumption compared to a nozzleless turbine. This is more evident in the higher vane angle settings (smaller nozzle passage), where there are high possibility of choking during a pulse cycle. The presented steady and unsteady results are expected to be beneficial in the design of variable geometry turbochargers, especially the ones with a mixed flow turbine.
Introduction
Automotive turbochargers almost in their entirety are equipped with radial turbines, due to the efficiency superiority of a radial design in small geometries. A radial turbine with radial inflow rotor are in most cases designed with zero inlet blade angle (with respect to radial direction), for purpose of maintaining its radial fibre. A mixed flow rotor with its leading edge swept radially downwards, provides an extra degree of freedom to the designer compared to a radial inflow rotor, hence a non-zero inlet blade angle can be achieved while maintaining its radial fibre. Research has shown a substantial amount of exhaust gas energy to be available at velocity ratios of less than 0.7 -the point of highest energy recovery for a conventional radial turbine. For the past three decades research has been carried out to explore the benefits of the mixed flow turbine in terms of lower velocity ratio operation and higher swallowing capacity [1, 2, 3, 4] . For a non-zero rotor blade angle, the peak turbine efficiency point moves to a higher expansion ratio. This is advantageous in a turbocharger application, which is subjected to pulsating flow from the reciprocating engine, where the greater energy of the flow is contained at high pressures.
VGTs have been widely based on radial turbines, particularly in automotive application. Mixed flow turbines with lower inertial characteristic, coupled with variable geometry operation have the capability of enhancing the existing versions of VGTs. Unfortunately, there are not many VGTs which uses mixed flow turbines, and for the very few which exist [5] , the nozzle vane used is adapted from radial turbines, these are invariably straight vanes. Due to the non-radial inlet of the mixed flow turbine, the use of straight vanes creates a non-uniform inter-space between the nozzle vane ring and the rotor (viewed from meridional projection). The objective of this work is to study an alternative nozzle vane design and its implication on a mixed flow turbine performance.
Most available published work on VGT is still based on steady-state data. It has been shown in the past research that a turbine's performance during pulsating flow departs from the quasi-steady assumption [3, 4, 6, 7] , however most of these work were based on nozzleless turbines. Thus the instantaneous performance evaluation of a VGT in pulsating flow conditions is beneficial in order to better understand its characteristics at different nozzle vane positions. These are presented in the current paper with the use of a mixed flow turbine and the new lean vane arrangement.
Nozzle Vane Design
This section describes the design process of the nozzle vane for a mixed flow turbine. The axial turbine blade design method was used to decide on the nozzle vane's geometries and the arrangement was consequently converted to a circumferential nozzle ring. The nozzle vane in the current study was designed un-cambered and effort was concentrated its 3-dimensional variation to fit the leading edge of a mixed flow turbine. The nozzle vane's profile was designed based on the NACA airfoil 0015. The volute used in this study was designed based on a commercial turbocharger (HOLSET H3B) with sufficient enlargement for a nozzle vane ring fitting. The volute has an inlet area over radius ratio (A/r) of 30mm and an exit flow angle of 70º.
The operating range of the vane angle was decided based on the possibility of exploring a wider range of the turbine performance and the following analysis is based on reference [8] . The velocity diagram at the inlet and exit of a turbine rotor as well as the nozzle vane definitions are given in Fig. 1 . The incidence at the rotor inlet is shown in Eq. (1),
with its optimum value is considered between -20° to -30° [8] . The rotor tip velocity, U 4 is given in Eq. (2), 4 4 4 4 4 sin sin
Since C m4 and W m4 are the same, the inlet relative velocity is written as in Eq. (3), For the mixed flow rotor used in this study, the blade angle, β b is 20°. Once the inlet incidence angle is decided, the inlet relative velocity, β 4 can be calculated using Eq. (1). The rotor tip velocity can also be expressed as Eq. 
With the known range of turbine revolution speed and power absorption of the test-rig, U 4 can be calculated with Eq. (5) or (6) respectively. With the values of β 4 and U 4 known, Eq. (4) is used to calculate the value of inlet absolute velocity, C 4 , for different absolute flow angles, α 4 . The absolute flow velocity is then normalized and expressed as Mach number, M 4 as given in Eq. (7),
The flow Mach number at different absolute flow angle can be calculated for a range of turbine speeds using Eq. (7) . By limiting the Mach number to one, the suitable range of inlet flow angle for the power spectrum in the current application was found to be 40° to 80°. The inlet flow angle is then can be expressed as a function of the nozzle geometry [9] , as in Eq. The optimum pitch/chord (s/b) ratio is a compromise between friction losses and good flow guidance. The optimum tangential lift coefficient, ψ is between 0.75-0.85, which will result in the best pitch/chord compromise [8] . Since the different nozzle exit flow angle will result in different pitch/chord ratios, it was decided to match the optimum pitch/chord ratio at mid-range of the flow angles. Another compromise considered in deciding the number of nozzle vanes and the chord length for a variable geometry system is the suitable nozzle space for the capability of pivoting within the range needed. After an iterative analysis using Eq. (1)- (9) , the number of nozzle vanes was decided to be 15.
The combination of a non-zero blade angle and the radial fibre, creates a degree of lean at the leading edge of a mixed flow rotor. For this reason, in order to match the nozzle vane to the leading edge of a mixed flow rotor, lean stacking was applied for the whole vane chord. Another option would have been to maintain a straight vane stacking but to have a contoured hub and shroud surface of the volute as in reference [10] . However, this will increase the difficulty in designing a reliable pivoting mechanism on an inclined surface for the variable geometry operation. The lean angle was chosen by trial and error and finally decided at 50° relative to the volute's hub surface, which in the current case is the same as the mixed flow rotor's cone angle. The resulting meridional projection of the assembly (see Fig. 2 ) shows good match between the nozzle vane and the rotor. Nevertheless, the lean stacking and conformal transformation leads to a non-uniform alignment between the hub-hub and the shroud-shroud surfaces of the adjacent nozzle vanes. These result in the non-uniform suction-pressure surface interactions. To resolve this, the vane profile at the shroud end was elongated to match the surface interaction at the hub end. As illustrated in the Fig. 2 , this results in a small degree of sweep at the trailing edge of the nozzle vane, but without jeopardizing the mixed flow rotor inlet match. Figure 2 also shows the assembly of the volute-nozzle ring-rotor. 
Experimental Setup
The experimental facility used in this study is a simulated reciprocating engine test bed for turbocharger testing. The facility has the capability of conducting steady and unsteady testing with simulated engine pulsations, as previously reported [3, 4] . Furthermore, the latest instalment of eddy current dynamometer enables turbine testing within a larger velocity ratio range [11, 12] . A schematic diagram of the turbine test rig is shown in Fig. 3 . The test-rig is supplied by 3 screw-type compressors, capable to deliver up to 1.2 kg/s mass flow rate at a maximum pressure of 5 bar (absolute). The air flow is heated to avoid the condensation of water vapour during the expansion process within the turbine. The air pulse generator was designed to experimentally simulate the exhaust gas pulsation during unsteady testing, based on the shape of cut-outs of two counter-rotating chopper plates.
Results And Discussions

Vane Surface Static Pressure Survey
To evaluate the flow characteristics, the static pressure distribution on the surface of the lean nozzle vane was measured. As for comparison, similar measurement was also carried out on an equivalent straight nozzle vane. The lean and straight nozzle vanes were fabricated with rapid prototyping method and the measurement was conducted with complete assembly of the volute and nozzle vane ring, but without a rotating rotor. Instead, a dummy rotor was used with its geometry and dimension equivalent to the hub of the actual mixed flow rotor. Five static pressure tapping were drilled at mid-span from leading edge to the trailing edge, and fitted with hypodermic tubes. The static pressure tubing was extended out of the volute through the exducer. To reduce the blockage effect, the static pressure tubing was carefully packed and sealed on the volute surface. Figure 4 shows the comparison of nozzle vane surface static pressure distribution at mid-span between the lean and the straight vanes, measured with 0.15kg/s mass flow feed into the volute, for different vane angle settings. The surface static pressure and the tapping chord length from the leading edge are normalised with the volute inlet total pressure and the true chord length of the vane respectively. The nozzle vane angles are in respect to the radial direction taken at the pivoting point on the shroud end, where increasing vane angle means the nozzle is closing. Figure 5 shows the three vane angle settings used in the testing and the measured surfaces. The suction and pressure surfaces are indicated similar to the reference [13] .
At 40º vane angle, it was observed the flow is separated at the leading edge due a higher incidence. The separation effect is slightly lesser in the lean vane compared to the straight vane because the positive lean adapts better to the incoming flow. At 70º vane angle, the trailing edge region of the pressure surface forms the nozzle throat with the leading edge region of the suction surface; hence the drastic acceleration in this region, with the straight vane showing stronger convergence than the lean vane, due to the longer true span length creating higher throat area in the lean vane. For the all vane angle settings, the bigger pressure difference between the surfaces at the trailing edge indicates a possibility of higher wake loss in the lean vane. This is because the pressure at the suction surface needs to rise sharply to meet the pressure at the pressure surface. The effect is more evident at 70º vane angle setting, which can be attributed to the influence from the high velocity flow after the throat.
Steady-State Turbine Performance
The newly designed lean vanes with the volute and the pivoting mechanism were coupled to a first generation mixed flow turbine developed in the authors' institution [2] . The turbine was tested at different nozzle vane angle settings with all the necessary flow parameters measured at the measuring plane (see Fig. 3 ) before the volute inlet, and the turbine speed and torque were measured directly at the dynamometer. The uncertainties in the measurements are given in Tab. 1. Figure 6 shows the turbine's efficiency against velocity ratio and its swallowing capacity. The figure shows results for an equivalent 80% of the design speed, which is approximately 48000rpm. The results presented are for different nozzle vane angles and comparison is shown for the same mixed flow turbine tested with a nozzleless volute [4] . The peak efficiency of the nozzleless turbine is 75% and for the vane angle of 60º, 65º and 70º, the turbine's peak efficiency shows improvement, which is 79%, 80% 77% respectively. Meanwhile, for the 40º and 50º vane angles, the peak efficiency drops to 61% and 68% respectively. This is due to the increase in separation losses in the nozzle as the vanes opens and deviate from the optimum incidence condition. Nevertheless, the 50º and 40º vane angles show higher swallowing capacity from the nozzleless turbine with approximately 2% and 8% mass flow parameter improvement respectively between the pressure ratio of 1.5 and 2.0. The swallowing capacity improvement is mainly due to a bigger volute than the nozzleless version. As for the higher vane angles, the turbine shows capability to achieve higher pressure ratio at lower mass flow parameter, for instance at the vane angle setting of 70º, pressure ratio of 1.7 is achieved with approximately 34% lower mass flow parameter compared to the nozzleless turbine. The change in the nozzle vane setting from 40º to 70º results in the turbine's efficiency to increase significantly in the first 25º and then drops slightly, meanwhile the its swallowing capacity to reduce slightly in the first 10º and then drops significantly. At 80% design speed, the vane angle setting of 65º shows the best performance at peak as well as at higher velocity ratio region.
The peak efficiency of the turbine occurs at velocity ratio range of 0.62 -0.68 for all but 40º vane angle settings. As for the 40º vane angle setting, the peak efficiency occurs at velocity ratio of 0.57. The velocity ratio of a turbine is approximately related to the inlet absolute and relative flow angle as shown in Eq. (11) is considered equal to the vane angle, and for the nozzleless condition, it is considered equal to the volute's exit flow angle, which is 69º [4] .
Based on Tab. 2, the variable nozzle positions and the nozzleless volute yield positive relative inlet flow angles at all peak efficiency conditions. The mixed flow rotor used in the study was designed with positive blade angle (see section 2), thus results in rotor incidence to vary from approximately -12.6º to -0.5º, for the nozzled settings. The 60º and 65º vane angle settings show the incidence angles closest to the optimum (see section 2) and it is reflected in the high turbine efficiency recorded. The positive incidence angle in the nozzleless version indicates the possibility of separation loss at the rotor inlet [8] . The positive relative inlet flow angles also yield a loading factor higher than unity for all the vane angle settings as well as for the nozzleless turbine, which is beneficial for high pressure turbine operation. The calculated values show the loading factor close to unity results in high turbine efficiency, as recorded for the 60º and 65º vane angle settings.
The turbine performance with the new lean nozzle vane was also compared against an equivalent straight vane. The geometry of the straight vane is same as the shroud end profile of the lean vane. Figure 7 shows the turbine's performance with lean and straight vane at an equivalent 80% design speed (48000rpm) and vane angle setting of 65º. As seen in the figure, the turbine's efficiency with both the lean and straight vane is fairly similar. It was expected that the use of lean vanes would result in higher efficiency because of the better matching to the rotor's leading edge. But the similar efficiencies suggest that there are additional losses in the lean vane compared to the straight vane which may offset any gain. One possibility of the additional losses would be the higher wetted area due to the leaning. Nevertheless, with similar efficiencies the lean nozzle vanes shows higher swallowing capacity, due to the larger nozzle area as an effect of leaning. The pressure averaged mass flow parameter of the lean nozzle vane is approximately 10% higher than the straight vane. This would be beneficial in turbocharger application, where higher swallowing capacity is often required without sacrificing the turbine efficiency. Table 3 Unsteady cycle-isentropic power averaged and the equivalent quasi-steady efficiencies, 40Hz pulsating flow
Unsteady Turbine Performance
The performance of the turbine with lean nozzle vane was tested under pulsating flow condition for different vane angles. The pulsating frequency of the flow was 40Hz and 60Hz which approximately simulates a 3 cylinder engine running at 1600rpm and 2400rpm respectively. Testing was carried out at an average equivalent of 80% design speed (48000rpm) and flow parameters were measured instantaneously for 1800 cycles. The unsteady test condition is set up so that the average velocity ratio corresponds to its peak steady efficiency point. The detailed measuring and analysis procedures are described in Szymko et al. [12] . Figure 8 shows the measured instantaneous static pressure at the measuring plane (see Fig. 3 ) for one 40Hz pulse cycle. Also shown is the deduced instantaneous static temperature based on isentropic relation [12] for one pulse cycle. The pressure is observed to fluctuate from about 1.1 Bar to 1.9 Bar in most cases except for the 70° vane angle setting where a clear increase is noticed. The pulse shape in all the cases is observed to be very similar in both the pressure and temperature traces. The uncertainties in the measurements are given in Tab. 1. Figure 9 illustrates the turbine's instantaneous swallowing capacity at 40Hz pulse cycle for 70° and 40° vane angle settings. Similarly, the turbine's instantaneous efficiency for the settings is shown in Fig. 10 . The instantaneous efficiency is calculated based on the isentropic condition measured at the measuring plane (upstream of the volute inlet, Fig. 3 ) and the actual power measured at the dynamometer end. The two traces are matched by applying a phase shifting with the sum of bulk and sonic velocities [12] . It should be noted here that the instantaneous efficiency refers to the stage from the measuring plane to the turbine and an equivalent nozzleless unit [14] exit. It is observed that the turbine's performance curves exhibit hysteresis loop, but with significant deviation from the quasisteady condition. The deviation is substantial in the 70° vane angle setting, but reduces as the nozzle vanes open to 40°. The velocity ratio range covered by the turbine in a pulse cycle is found to be small and concentrated at the lower region at close nozzle position. The range gradually increases as the nozzle opens to 40° vane angle setting. Figure 11 shows the swallowing capacity of an equivalent nozzleless turbine during a 40Hz pulse cycle [14] . Also given in the figure is the similar curve for the 50° vane angle setting, where the VG turbine's steady swallowing capacity equivalent to the nozzleless unit. It can be seen that the hystherisis loop is shifted slightly upwards in the VG turbine but the pressure ratio range covered by the turbine is similar. Comparing the nozzleless curve with the results for 70° vane angle settings (Fig. 9) shows a substantial difference, especially the deviation from quasi steady line. It is suggested the existence of a nozzle ring creates two volumes before the rotor, one in the volute and one in the nozzle, where the filling-emptying characteristics of both are different and changes with nozzle opening. This consequently results in the different unsteady behaviour measured in a VG turbine compared to a nozzleless unit. During pulsating flow the turbine volute experiences continuous filling and emptying and in the 70° vane angle setting, due to the high blockage of the nozzles, the emptying of the volute is delayed before the filling occurs in the consequent pulse. This creates a back pressure and eventually mass accumulation in the volute. It is suggested that the slow emptying process of the volute may have resulted in the higher mass flow rate measurement, which in reality does not reflect the true instantaneous mass impacting momentum on the rotor. This eventually leads to the lower efficiency calculation for the 70° vane angle setting. The high mass flow rate reading is evident in the Fig. 9 and it is also noticed that the turbine experiences choking at high pressure ratio region in the 70° vane angle setting. Similar choking behaviour was also observed for the 65° and 60° vane angle settings. On the other hand, at 40° vane angle setting the turbine did not experience choking and loops more closely to the quasi-steady curve. Table 3 shows the cycle averaged efficiencies and velocity ratios of the turbine at different nozzle vane angle settings as well as the nozzleless condition, for 40Hz pulsating flow. These parameters are averaged using isentropic power average method, which is described in reference [12] . The equivalent quasi-steady efficiencies calculated, where at each instance of time the instantaneous velocity ratio is used to read the steady efficiency and consequently power averaged over a cycle. It is noticed at all nozzle vane angle settings the cycle averaged turbine efficiency are significantly lower than the equivalent quasi-steady value and the nozzleless condition. At 70° vane angle, the unsteady cycle efficiency is about 32% lower than the equivalent quasi-steady efficiency and it gradually improves to about 17% at 40° vane angle. The cycle averaged efficiency shows the turbine performs better at 60° and 65°, which is similar to the steady state findings. Figure 12 shows the turbine efficiency variation plotted for a 40Hz pulse cycle for all the nozzle vane angle settings as well as the nozzleless condition [14] . It can be noticed that the nozzleless turbine exhibit negative efficiency at the beginning and end of the cycle. The negative efficiency can be explained as the consequence of turbine rotor impacting momentum on the flow at lower pressure ratio conditions [12] . As for the nozzled settings, the turbine did not exhibit negative efficiency at 70°, 65° and 60° vane angle settings. This is due to the nozzle constantly providing sufficient flow momentum to the rotor during the pulse cycle. But at 40° and 50° vane angle settings, the turbine gradually exhibits negative efficiency, as the opening of the nozzle reduces the momentum of the flow in low pressure ratio region. It is also noticed that during the first 120° crank angles, where most of the isentropic power concentrated in the pulse, nozzleless turbine exhibits better efficiency than the nozzled turbine. For the rest of the cycle, the efficiency of the nozzleless turbine drops in comparison to the nozzled turbine. Another interesting observation is that at 65° vane angle setting, the turbine shows good efficiency towards the end of the cycle, which suggests better energy extraction from the lower pressure region of the pulse. However, it should be noted that the calculated instantaneous efficiency is sensitive to the method of phase shifting and the influence of filling-emptying or wave action in the volume. Thus careful examination of the flow condition at each instance in time is required before conclusive judgement can be made of the turbine's unsteady instanatenous efficiency. Figure 13 shows the turbine's isentropic and actual power comparison for 40Hz and 60Hz pulsating flow conditions with vane angle setting of 65º. The cycle averaged actual power of the turbine is 14.1 kW and 14.3 kW for 40Hz and 60 Hz pulsating flow respectively. The turbine's actual power over a cycle period as well as its pattern is approximately similar between both the flow frequencies, but the isentropic condition at the inlet of the turbine is significantly different. This is mainly due to the faster duty cycle of the pulse generator in 60Hz condition, which results in a lesser energy per cycle to achieve an equivalent output to the 40Hz condition. This eventually leads to a better emptying effect in the volute before the next cycle of the filling occurs. Figure 14 shows the turbine's swallowing capacity for both the frequencies. The curve in the 60Hz condition is found to loop around the steady line but with smaller pressure ratio range, but in the 40Hz condition the curve is shifted upwards. Furthermore, choking of the turbine was not observed in the 60Hz pulsating flow condition. The isentropic power averaged velocity ratio and efficiency of the turbine at 60Hz pulsating flow is 0.66 and 80% respectively (values for the 40Hz is shown in Tab. 3). The equivalent quasi steady efficiency is 76.3%.
Nozzle Vane Settings
Conclusions
A new nozzle vane ring has been designed to match the 3-dimensional feature of the leading edge of a mixed flow rotor. It was found that for nozzle vanes in a volute, the suction surface pressure is higher than the pressure surface, especially at closer nozzle positions. This is due to the dominant effect of the flow in the volute, at the upstream and downstream of the nozzle vane, compared to the adjacent vane interaction effect.
The VG mixed flow turbine performance was tested at different vane angle settings, under steady and unsteady conditions. The VG mixed flow turbine shows efficiencies at nozzle vane angle of 60º, 65º and 70º higher than the nozzleless turbine for much of the velocity ratio range, with highest peak efficiency of 80% obtained at 65º vane angle. The swallowing capacity of the VG turbine at fully opened condition (40º vane angle) is up to 8% higher than the nozzleless turbine. The VG turbine is capable of achieving high pressure ratio at lower inlet mass flow, which demonstrates its benefit in adapting to off-peak conditions during the turbine operation. Performance comparison with an equivalent straight vane design shows the higher swallowing capacity of the lean vane with similar efficiency at almost all pressure ratio conditions.
The VG turbine's unsteady performance shows substantial deviation from the equivalent quasi-steady assumption at 40Hz pulsating flow, especially at close nozzle positions (60º, 65º, 70º), as much as 33% at 70º vane angle setting. This is due to the high blockage in the nozzle which consequently leads to choking and delaying the volute emptying, before the next cycle of filling. The existence of a nozzle ring in effect creates two volumes in the stator (volute and nozzle passage), where its filling-emptying characteristics are different. The effect of both these volumes contributes to the significant difference observed compared to a nozzleless version. At 60Hz pulsating flow, the faster duty cycle of the pulse generator creates lower energy in a cycle which leads to better filling-emptying effect in the volume. This is reflected in the high cycle averaged efficiency recorded for this condition. 
